2018) Comparing two approaches of miR-34a target identification, biotinylated-miRNA pulldown vs miRNA overexpression, RNA Biology, 15:1, 55-61, ABSTRACT microRNAs (miRNAs) are critical regulators of gene expression. For elucidating functional roles of miRNAs, it is critical to identify their direct targets. There are debates about whether pulldown of biotinylated miRNA mimics can be used to identify miRNA targets or not. Here we show that biotin-labelled miR-34a can be loaded to AGO2, and AGO2 immunoprecipitation can pulldown biotinylated miR-34a (Bio-miR pulldown). RNA-sequencing (RNA-seq) of the Bio-miR pulldown RNAs efficiently identified miR-34a mRNA targets, which could be verified with luciferase assays. In contrast to the approach of Bio-miR pulldown, RNA-seq of miR-34a overexpression samples had limited value in identifying direct targets of miR-34a. It seems that pulldown of 3 0 -Biotin-tagged miRNA can identify bona fide microRNA targets at least for miR-34a.
Introduction microRNAs (miRNAs) are class of small noncoding RNAs (ncRNAs) of »22 nt length and by far most well studied class of ncRNAs. 1, 2 It is estimated that miRNAs comprise up to 0.02% of total cellular RNA, and regulate more than 60% of coding genes post transcriptionally. [3] [4] [5] Each miRNA generally regulates the expression of target genes by binding to their 3 0 untranslated region (UTR), thereby repressing gene expression by mRNA degradation and/or translation inhibition. 1, 6, 7 Target recognition takes place when miRNA associates with Argonaute2 (AGO2), which is the core component of RNA induced silencing complex (RISC). 1 AGO2 is highly conserved and exhibits slicing activity on mRNAs or noncoding RNAs targeted by miRNAs or siRNAs. 8, 9 Formation of AGO2-miRNA complex depends upon the recognition of 5 0 and 3 0 ends of miRNA by MID and PAZ domains of AGO2 respectively. 10 miRNA target identification is important in understanding its biological function. In silico tools are helpful in predicting miRNA targets. These tools rely on exact base pairing of seed region (nucleotides 2-9) of miRNA and binding site in 3 0 UTR of mRNA. Many experimentally verified miRNA-mRNA interactions, however, do not follow in silico rules, since imperfect seed match between miRNA and target mRNA, and targeting to sites outside of the 3 0 UTR can also exist. [11] [12] [13] [14] [15] As a result, computational tools predict hundreds of miRNA targets that are often biologically irrelevant since false positives of computational prediction tools are estimated to be up to 70%. 6, [16] [17] [18] Therefore, in addition to in silico methods, high throughput experimental methods have to be developed.
Multiple experimental approaches are now available to determine genuine miRNA targets, each having its own merits and demerits. 18 Overexpression of miRNA by means of expression vectors or use of synthetic miRNA mimics followed by high-throughput analysis of change in gene expression either by microarray of mRNAs or RNA-Sequencing (RNA-seq) can give a direct assessment of target genes. 19 However, these overexpression approaches have two limitations. The first is the inability to distinguish between direct and indirect targets. 20 Secondly, gene regulation at the level of translation occurring without substantial change in the mRNA levels will not be identified. 18 Affinity purification, another method to identify miRNA targets, has been used in many studies, where synthetic miRNA duplexes typically biotinylated at the 3 0 end of the guide strand are used. [21] [22] [23] [24] [25] [26] [27] The duplexes are transfected into appropriate cell type, where biotinylated miRNA (Bio-miRNA) presumably gets incorporated into RISC to form miRNA-mRNA complex. Following cell lysis, tagged miRNAs are captured on streptavidin beads followed by mRNA isolation and identification. There are debates about whether pulldown of biotinylated miRNA mimics can be used to identify miRNA targets, and the argument is the presence of biotin moiety at the 3 0 terminus of miRNA may hamper its ability to interact with AGO2. 28 In this study, we showed that biotin-labelled miR-34a could be loaded to AGO2, and conversely immunoprecipitation of AGO2 could pulldown biotinylated miR-34a. By combining the transcriptome profiling after miR-34a overexpression and affinity pulldown of Bio-miR approaches together, we identified direct miR-34a targets with high-confidence.
Results

Biotinylated miRNA interacted with AGO2
We started with transfection of 3 0 -biotinlyated-miRNA-34a into cells, and examined whether it could be loaded into RISC or not. Co-immunoprecipitation (Co-IP) of miRNA from cell lysate using anti-AGO2 antibody provides good assessment of miRNA-AGO2 interaction. 28 HEK293T cells were transfected with Bio-miR-34a duplex or a control with scrambled sequences (Bio-miR-Scr) ( Fig. 1A ). 24 h post transfection, AGO2 complexes were IPed (Fig. 1B) . Bio-miR-Scr and Bio-miR-34a were both successfully co-IPed with AGO2 ( Fig. 1C ), indicating that biotinylated miRNAs were loaded into RISC and interacted with the core protein.
In a reciprocal experiment, cell lysates were subjected to pulldown of biotinylated-RNA with streptavidin beads (Bio-miR pulldown) ( Fig. 2A ). Two bands could be detected when bio-miR-34a was transfected. One possibility could be that one nucleotide at the 3 0 end maybe, since biotin was labelled at the 5 0 end, of a small portion of the transfected bio-miR-34a was somehow removed inside cells. AGO2 protein was co-pulled down with either Bio-miR-34a or Bio-miR-Scr (Fig. 2B ). These results together demonstrated that biotinylated miRNA could interact with AGO2, and highly possible got loaded in the RISC. 
RNA sequencing of Bio-miR pulldown and miR-34a overexpression samples
Next, Bio-miR-Scr and Bio-miR-34a duplexes were transfected in HEK293T cells (Fig. 3A) . Total RNAs were extracted and prepared for RNA sequencing (RNA-seq). At the same time, cell lysates were prepared and subjected to Bio-miR pulldown. RNAs pulled down were also sequenced. Analyses of Bio-miR pulldown reads identified 9290 mRNAs, 473 lncRNAs and 419 circRNAs (count backsplicing junctions, 29,30 ) ( Fig. 3B ). There were 633 mRNAs and 29 lncRNAs enriched in Bio-miR-34a pulldown compared to RNAs pulldown with biotinylated control of scrambled sequences (Bio-miR-Scr) (cutoff of two-fold enrichment and p value less than 0.05) ( Fig. 3C ). It seems that the pulldown & RNA-seq method can get substantial number of nonspecific targets, and really requires normalization with scramble control. 110 mRNAs enriched in the Bio-miR-34a pulldown harbored 3 0 UTR match with miR-34a seed region ( Fig. 3C , Table S1 ). On the other hand, RNA-seq data from mir-34a overexpression revealed that 853 mRNAs and 103 lncRNAs were significantly downregulated (cutoff of two-fold decrease and p value less than 0.05) ( Fig. 3D ). Not much overlap was present between RNAs from Bio-miR pulldown and miR-34a overexpression (Fig. 3E ). All the overlapped 22 mRNAs have miR-34a seed sequence in the 3 0 UTR. In the 853 mRNAs significantly suppressed by miR-34a overexpression, 139 had miR-34a guide strand seed match in their 3 0 UTR (Table S2) ; 64 of them had match in their 3 0 UTR to the seed region of miR-34a passenger strand ( Fig. 3F ). These 185 mRNAs (some with 3 0 UTR seed matches to both guide and passenger strand) were potentially direct mRNA targets identified by miR-34a overexpression. Very small number of overlaps were identified between Bio-miR-34a pulldown targets and miR-34a overexpression targets ( Fig. 3F, G) . Interestingly, Bio-miR-34a pulldown targets still showed significantly decreased levels in miR-34a overexpression (Fig. 3H ).
Validation of potential miR-34a targets
To verify if the pulled down candidates were true miR-34a targets, fourteen targets were randomly selected for luciferase reporter assay, from the list of pulled down targets with cutoff of two-fold enrichment and p value less than 0.05 (Table S1 ). Compared to control group, reduction in the luciferase activity was observed in 11 targets ( Fig. 4A ). Next, randomly chosen nine targets from miR-34a overexpression data (cutoff of twofold decrease and p value less than 0.05) were subjected to luciferase assay (Table S2 ). Eight of them showed significant reduction in the luciferase activity as compared to control group (Fig. 4B ). Relative luciferase activity of 3 out of randomly selected 4 targets, which were common in both pulldown and overexpression data, showed reduction in luciferase activity (Fig. 4C ). This data suggested that most miR-34a 3 0 UTR seed bearing targets identified by either Bio-miR-34a pulldown or miR-34a overexpression were genuine miR-34a targets.
Discussion
miRNAs are known to play pivotal roles in myriad of cellular functions ranging from development to disease and response to endogenous or exogenous stimuli. [31] [32] [33] [34] [35] To assess the involvement of a miRNA in a biological process, computational methods and molecular biology approaches are routinely used. Computational methods generally rely on phylogenetically conserved miRNA binding sites in the target gene and free energy of binding. 36 A limitation to this method is high false positive rates, making such predictions biologically extraneous. As an example, p21Cip1/Waf1, whose function is to regulate cell cycle progression at G1 phase, was predicted to be targeted by at least 266 miRNAs. Experimentally, however, only 28 miRNAs significantly reduced the luciferase activity in cells stably expressing luciferase-3 0 -UTR reporter gene. 37 Similarly, miR-3648 targeted only one gene in contrast to 13 predicted targets. 34 Therefore, experimental approach to identify true miRNA targets is indispensable. Biochemical approaches such as AGO2-IP, high-throughput sequencing coupled with UV cross-linking and immunoprecipitation (HITS-CLIP), photoactivatable-ribonucleoside-enhanced cross-linking and immunoprecipitation (PAR-CLIP), 3 0 end biotin-tagged miRNA, miRNP immunopurification, or a recently developed screening system to identify miRNA targets are available. 18, 38, 39 Among these methods, 3 0 end biotin-tagged miRNA based approach is being used in many studies since target affinity between two miRNAs, with even a single nucleotide difference, can be measured. 40 In this study we have shown biotin-tagged miRNA duplex pull down method worked well, at least for miR-34a, since both Bio-miR-34a and Bio-miR-Scr was co-IPed with AGO2 ( Fig. 1) . Similarly, pulldown of biotin labelled miR-34a and scramble control also pulled down AGO2 (Fig. 2) . To rule out the possibility of detecting endogenous miRNA, biotin detection kit was used to specifically visualize miRNAs labelled with biotin. On the contrary, some studies argued that biotin moiety when attached to the 3 0 end of the miRNA impede its association with AGO2. 41 Hence, biotin-labelled miRNA was not co-IPed with AGO2. 28 The negative result could be due to low transfection efficiency or post-translational modification of AGO2 that can hamper miRNA-AGO2 interaction. 42 Another possible justification could be sequence-or context-specific reasons since pulldown did not worked well for miR-21 in some cell lines. 43 Furthermore, in this study, we tried to combine two approaches together; biotin-labelled miR-34a pulldown and overexpression followed by transcriptome profiling. RNA-seq data followed by luciferase reporter assay showed most of the randomly selected pulldown enriched and downregulated genes when miR-34a was overexpressed were true targets ( Fig. 4) . However, the number of common targets between pulldown enriched targets and downregulated genes after miR-34a overexpression were very small ( Fig. 3) , likely due to different ranking of target genes after computational analysis and/or effect of miRNA on protein synthesis rather than affecting mRNA levels. Since microRNAs may directly or indirectly affect the activity of multiple transcription factors, which in turn can have profound effects on transcription that are not the direct result of micro-RNA interaction with mRNA targets, such indirect influences by miR-34a overexpression should also be considered. All 22 mRNAs overlapped targets by the two methods have miR-34a 3 0 UTR seed sequence (Fig. 3E) , and the combination of the two methods might help to narrow down target candidates.
Collectively, based on our data and a recent study, 26 we can conclude that biotinylated miRNAs can be used to identify miRNA targets. The sensitivity of this method can be increased with the addition of a scramble control mimic. Both methods, however, are not perfect and experimental validation of miRNA targets is indispensable.
Materials and methods miRNA mimic synthesis
Chemically modified miR-34a mimic and scramble control duplexes were chemically synthesized from Bioneer. Sequence given in Table S3 .
Cell culture and transfection
HEK293T were cultured in DMEM (Hyclone) with 10% FBS. Cells were cultured at 37 C in a humidified 5% (v/v) CO 2 incubator. Transfections were carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Cell lysis for IP and bio-miR pulldown
Cells were washed with 1X ice-cold PBS and cross-linked in a UV cross-linker at 1200 mJ/cm2 for 2 min. Cells were lysed in the lysis buffer [0.02 M Tris-HCl (pH 7.5), 0.1 M KCl, 5 mM MgCl 2 , 0.5 mM DTT, 0.5% NP-40, 60 U/ml RNase inhibitor (Promega), 1X protease inhibitor EDTA-free (Sigma, 05892791001)] for 20 min after which lysates were sonicated for 2 min at 20% amplitude. Lysates were cleared off cell debris by centrifugation at 13000 rpm for 10 min. 10% lysate was saved as input (5% for RNA and 5% for protein detection) while remaining lysate was incubated with respective magnetic beads for IP or bio-miR pulldown.
Immunoprecipitation 60 ml of Dynabeads Protein G beads (Life Technologies, 10004D) per 10 cm plate were washed three times with lysis buffer and incubated with 6 mg of rat-anti-AGO2 monoclonal antibody (Sigma-Aldrich, SAB4200085) or rat-normal-IgG antibody (Santa Cruz, sc-2026) in 10 mg/ml RNase-free BSA for 30 min at room temperature. Blocked beads were washed three times with lysis buffer and cell lysate was incubated for 2 h at room temperature. Also beads-only pulldown experiments were performed, and no AGO2 protein could be detected in the pulldown materials.
Western blot
Proteins either from cell lysate or isolated from IP beads, were separated on SDS-PAGE gels and then transferred to PVDF membranes (Millipore). Membranes were processed according to the ECL western blotting protocol (GE Healthcare). The following antibodies were used in western blots: rat-antiAGO2 primary antibody (Sigma-Aldrich, SAB4200085), anti-actin (Signalway antibody, 21338) and anti-tubulin (Transgen, HC101).
Biotinylated miRNA pulldown
Final concentration of Bio-miR-34a or Bio-miR-Scr was 20 mM with standard protocol of RNA oligos (Lipofectamine 2000, Invitrogen). Transfection was done for 24 hours. For a 10 cm plate, 20 ml Dynabeads M-280 Streptavidin beads (Life Technologies, 11206D) were activated according to manufacturer's protocol. The beads were blocked with 10 mg/ml RNase-free BSA and yeast tRNA (Sigma-Aldrich, R8508) for 30 min at 4 C. After washing the beads with lysis buffer, lysates as prepared in "Cell lysis for IP and bio-miR pulldown" were incubated with blocked beads and incubated at room temperature for 2 h followed by RNA extraction.
RNA isolation
RNAs from either whole cells or pulldown materials were isolated with Trizol reagent (Invitrogen, 15596026) according to manufacturer's instructions, then treated with RNase-free DNase I (Promega, M6101) and extracted with ethanol precipitation.
Detection of biotinylated miRNA on membrane
RNA samples were separated on a 10% Urea-PAGE gel and electrophoretically transferred onto Hybond TM -NC membrane (GE Healthcare). Biotinylated miRNA was detected on membrane using Chemiluminescent Biotin-labeled Nucleic Acid Detection Kit (Beyotime, D3308) following the manufacturer's protocol. Membrane was visualized using ImageQuant LAS4000 Biomolecular Imager (GE Healthcare).
RNA-sequencing
For high-throughput sequencing, the RNA enriched from pulldown assay or poly (A)-tailed mRNA was iron-fragmented at 95 C and then subjected to end repair and 5 0 -adaptor ligation. The cDNAs, reverse-transcribed with random primers containing 3 0 adaptor sequences and randomized hexamers were purified and amplified, and PCR products of 200-500 bp were purified, quantified and stored at ¡80 C until sequencing. The libraries were prepared according to the manufacturer's instructions and subjected to 151 nt paired-end sequencing with an Illumina HiSeq 2500 system.
Bioinformatics analyses of RNA-seq data
In pulldown deep sequencing data, 27,380,065 and 39,445,653 reads from the control (Bio-miR-Scr) library and the pulldown (Bio-miR-34a) library were obtained, where 87.3% and 88.6% of the reads were aligned, respectively. In overexpression deep sequencing data, 28,909,157 and 26,871,903 reads from the NC mimic and miR-34a mimic samples were obtained, where 79.05% and 79.77% of the reads were aligned respectively. All the reads were aligned to the reference transcriptome with bow-tie2, no mismatch allowed. Differential analysis was performed with edgeR package. Differentially expressed genes were selected by the logFC > 1 and p value <0.05. The statistical significance and p values in Fig. 3H were evaluated by Wilcoxon signed rank test. For circular RNA analysis, only best matched junction reads were considered. 30, 44 Plasmid construction Plasmids were constructed by restriction digestion (Thermo Scientific) and recombination method (Vazyme C112-01). For the functional analysis of miRNA, partial segments of the mRNA 3 0 UTR containing the miRNA binding sequences for respective candidate targets were PCR amplified from cDNA prepared from RNA of HEK293T cells. The PCR product was then sub-cloned into the XbaI site downstream of the stop codon in the pGL3-control firefly luciferase reporter vector. miRNA expression plasmids were constructed by inserting DNA fragment containing pre-miR-34a coding sequence between the HindIII and BamHI sites of pmR-mCherry (Clontech, Mountain View, USA). The correct orientation of 3 0 UTR fragments and pre-miRNA coding sequences in plasmid DNA constructs were confirmed by sequencing. Primers used for plasmid construction are given in Table S3 .
Plasmid transfection and luciferase activity assay
Plasmid transfection was performed with Lipofectamine 2000 (Invitrogen) according to the supplier's instructions. For luciferase activity assay, cells were transfected in 6-well plates with miRNA expression plasmids (1 mg/well) or pmR-mCherry control plasmids (1 mg/well), pRL-null (Renilla plasmid) (10 ng/ well), and the firefly luciferase constructs carrying the corresponding 3 0 UTR (1 mg/well). The luciferase activity was measured 42 h post transfection using the Dual Luciferase Reporter assay system (Promega) based on the manufacturer's protocol. Briefly, cells were lysed with passive lysis buffer at room temperature for 15 min. The luciferase assay buffer II was then added, and firefly luciferase (F-luc) activity was immediately read using a Fluoroskan Ascent FL microplate reader (Thermo Scientific, Waltham, MA, USA). Next, Stop & Glo Buffers with Stop & Glo substrates were added and mixed briefly. Renilla luciferase (R-luc) activity was immediately read. F-luc activity was normalized to R-luc activity to account for variation in transfection efficiency.
Statistical analysis
The values reported in this study represents averages of three independent experiments, with error bars showing standard deviation. After analysis of variance by F test, the statistical significance and P values were evaluated by Student's t-test.
